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INTRODUCTION
Chromatin in eukaryotic cells provides a hierarchically organized structural basis for various genomic functions, including mRNA transcription and DNA replication and repair, occurring at every genomic loci (Bonev and Cavalli, 2016; Denker and de Laat, 2016; Misteli, 2007) . The smallest repeated structural unit of eukaryotic chromatin is the nucleosome (Kornberg and Thomas, 1974; Olins and Olins, 1974) . The atomic structure of the nucle-osome has been revealed by X-ray crystallography, delineating how DNA is wrapped around histone octamers in a superhelix of approximately one and a half turns (Luger et al., 1997) . Meanwhile, the spatial organization of nucleosomes in chromatin remains an active debate, and several models for basic nucleosome arrangements in chromatin have been proposed (reviewed in Ohno et al., 2018) . Classically, a regular nucleosome arrangement in a zig-zag or solenoid manner packed in a 30-nm-diameter fiber-like structure was widely believed based on electron microscopy (EM) or X-ray scattering analyses of chromatin extracted from various organisms (Finch and Klug, 1976; Tremethick, 2007; Widom and Klug, 1985; Woodcock et al., 1984) . Supporting this, angstrom resolution structures of a tetra-nucleosome nucleosome folding unit have been solved using in vitro reconstituted chromatin fibers by X-ray crystallography and cryo-EM (Schalch et al., 2005; Song et al., 2014 ). An opposing model of random, or disordered, nucleosome folding called ''polymer melt'' has been predicted by cryo-EM and X-ray scattering analyses on human chromatin at both mitotic phase and interphase (Eltsov et al., 2008; Maeshima et al., 2010) . Meanwhile, heterogeneous nucleosome folding in a chromatin fiber was suggested by an EM tomography analysis with selective labeling of mitotic/interphase human chromatin (Ou et al., 2017) by electron cryotomography of budding yeast and picoplankton chromatin (Cai et al., 2018) and by a combined method of Monte Carlo simulation and EM for in vitro reconstituted chromatin (Grigoryev et al., 2009) . However, it remains unclear how nucleosome folding structures depend on specific features of endogenous loci. In fact, analyses on in vitro reconstituted chromatin fibers have suggested the possibility of variable nucleosome compaction in different epigenetic conditions, including histone modifications and binding of chromatinassociating proteins (Kilic et al., 2018; Li et al., 2010; McBryant et al., 2008) . This consideration thus highlights the need for a structural analysis of chromatin at specific loci across the genome.
To analyze locus-dependent chromatin structures, highthroughput chromatin conformation capture (Hi-C) technology employs next-generation sequencing to assay spatial proximity between genomic loci from their ligation frequencies (A) Hi-CO library construction. Formaldehyde (yellow)-crosslinked chromatin is fragmented with MNase into the nucleosome level. Biotin-conjugated adaptors (orange) are attached to DNA entry (red) and exit (green) in each nucleosome, and these DNA ends are ligated. The biotin-conjugated adaptors and surrounding 26-bp DNA are excised with EcoP15I enzyme digestion and purified. The product library is subjected to paired-end sequencing. Read pairs are mapped to the yeast genome to determine locations of interactions. A 3D nucleosome folding model is derived from the interaction map based on SA-MD simulation. (Lieberman-Aiden et al., 2009) . Computational analysis based on this information enables derivation of 3D structural models of individual loci across whole chromosomes (Duan et al., 2010; Lesne et al., 2014; Tanizawa et al., 2010) . This approach conventionally allowed structural analysis at $1 Mbp resolution (Lieberman-Aiden et al., 2009) and elucidated large-scale structural motifs, such as topologically associating domains in mammalian chromosomes (Dixon et al., 2012; Nora et al., 2012) and centromere/telomere clustering of yeast chromosomes (Duan et al., 2010) . In contrast, recently, efforts were made to increase this resolution (Ma et al., 2015; Rao et al., 2014) , and now, nucleosome-level analysis has been achieved by a method called Micro-C in yeast (Hsieh et al., , 2016 . In addition, another sequencing-based method called ionizing radiation-induced spatially correlated cleavage of DNA with sequencing (RICC-seq) for analyzing nucleosomal interactions in human chromosomes was recently developed (Risca et al., 2017) . Crucially, however, despite these advances, welldefined 3D nucleosome folding structures specific to each locus have still not been obtained, so the genome-wide nature of nucleosome folding remains enigmatic.
To pursue a further finer resolution, nucleosome orientation needs to be considered as well as nucleosome positions in 3D, as done in EM analysis where space-filling nucleosome structures were fitted to imaging data by varying their orientations (Bilokapic et al., 2018; Leschziner et al., 2007; Ou et al., 2017) . It is predicted that nucleosome orientation has a dynamic interplay with epigenetic states, because histone modifications or binding of chromatin-associating proteins occurs at the subnucleosomal level, such as in specific histones or DNA locations within the nucleosome, respectively (Ohno et al., 2018) . In fact, histone modifications occur asymmetrically along the wrapped DNA and correlate with transcription (Rhee et al., 2014; Voigt et al., 2012) , highlighting the potential importance of nucleosome orientation to genome functions. Therefore, here, we developed a Hi-C method for analyzing genome-wide nucleosomal interactions, including their orientations, coupled with computational 3D structure derivation (Hi-C with nucleosome orientation [Hi-CO] ). Our results revealed conserved signatures of nucleosome position and orientation within a heterogeneous chromatin fiber structure that is coupled to epigenetic events and perturbed across cellular states. Our approach will facilitate further elucidation of structure-function relationships in local folding of eukaryotic chromatin.
RESULTS
Hi-C at Sub-nucleosome Resolution Analysis of nucleosome orientation was realized by examining spatial proximity between DNA entry or exit points in individual nucleosomes across the genome (Figures 1A and STAR Methods) . This information allows analysis of the 3D positioning of these entry and exit points and therefore to derive orientations of every nucleosomes. To enable such sub-nucleosomal resolution analysis, genomic DNA in chemically fixed chromosomes was first fragmented to the single-nucleosome level by using micrococcal nuclease (MNase) ( Figure S1A ), which digests linker DNA between nucleosomes up to the entry and exit points, but not the DNA wrapped around nucleosomes. After ligating digested chromatin, we performed deep sequencing of ligated products to obtain interaction frequencies between DNA fragments corresponding to the DNA entry and exit points at all nucleosome loci ( Figure S1 ). We distinguished interactions at DNA entry points (located upstream of the genome coordinate in nucleosomes) and exit points (located downstream) based on the direction of genomic sequences at each ligation point (Figures S1D and S1E), which is an adaptation of a former procedure for Hi-C data normalization (Cournac et al., 2012) . Furthermore, to perform an unbiased analysis of entry and exit interactions, we used paired-end tag (PET) sequencing (Fullwood et al., 2009) , in which the anchoring of adaptors to fragmented DNA ends allowed elimination of unligated products that cause massive false-positive exit-to-entry interactions in upstream-downstream nucleosome pairs ( Figure S2 and STAR Methods).
Using this protocol, we first measured haploid Saccharomyces cerevisiae cells synchronized at G 1 phase. This organism has been measured with Micro-C , and its small genome size ($12 Mbp) among eukaryotes afforded sufficient read depth at the high resolution required for nucleosome-level analysis. In Micro-C, the spurious exit-to-entry interactions overwhelmed 85% of short-range (%1,000 bp) interactions (Figure S2D) and therefore had to be excluded from the analysis (see STAR Methods for details of methodological differences). In contrast, we confirmed that the Hi-CO protocol yielded an even level for the entry-to-entry, entry-to-exit, exit-to-entry, and exit-to-exit interactions (each 25%; Figure S2D) . Nonetheless, we also confirmed that Hi-CO data are consistent with the Micro-C data when excluding the exit-to-entry interactions (r = 0.77-0.81; Figure S2E ). Therefore, our Hi-CO method utilizes the complete information of interactions among DNA entries and exits, which provides a quantitative structural analysis of nucleosome configurations including their orientation.
To verify that the obtained interactions arise from proximity ligation of nucleosomes and are not artifacts, we conducted technical controls (Figures S1F, S1G, and S3). First, we demonstrated high reproducibility of the data in independent experiments (r = 0.80-0.87; Figures S3B and S3C ). Second, we performed Hi-CO without the ligation step to verify MNase digestion to mono-nucleosomal fragments ( Figure S1A ) and to show discrimination of Hi-CO interaction distances from the fragment sizes ( Figure S3D and STAR Methods). Third, we analyzed background interactions due to random ligations between non-proximal fragments and confirmed they are rare enough compared to the majority of local nucleosomal interactions ( Figure S3E and STAR Methods). Fourth, we analyzed the proportion of MNase digestion frequencies at DNA entries and exits and confirmed that they were equivalent at individual nucleosome loci (50% ± 5%; Figures S3F and S3G and STAR Methods). Fifth, we confirmed no correlation of the residual DNA length on each nucleosome after MNase digestion with Hi-CO interactions (Figures S3I and S3J and STAR Methods) . Sixth, we found no DNA sequence preference around the ligation junction for Hi-CO interactions (Figures S3M and S3N and STAR Methods) . Seventh, we analyzed the proportion of interactions as a function of interaction distance (the contact probability curve; Lieberman-Aiden et al., 2009) , and observed periodic peaks every 160 bp, consistent with nucleosome spacing, and shifts of the peaks for interaction classes, suggesting that 134-bp residues on average remain on fragmented nucleosomes (Figures S1F and S1G and STAR Methods).
To visualize Hi-CO data, we assigned the 130,843,992 obtained interactions to 66,360 nucleosome loci in S. cerevisiae ( Figure S1E and STAR Methods). We then created a heatmap matrix to indicate interaction frequencies between the nucleosome loci along the genome coordinate with matrix elements ( Figure 1B) . We examined orientation using composites of three subtractive primary colors-cyan, magenta, and yellow ( Figure S3A ). Cyan and magenta color strengths in the matrix elements represented frequencies for exit-to-entry (inward) and entry-to-exit (outward) interactions in upstream-downstream nucleosome pairs (Figure 1B, inset) . Yellow color strength indicated summed frequencies for entry-to-entry (tandem-entry) and exit-to-exit (tandem-exit) interactions in nucleosome pairs. The composition of these four interaction frequencies signified nucleosome orientation, since they indicate proximity preferences among entry and exit points in nucleosome pairs. Thus, the matrix color appears chromatic if the orientation of the corresponding nucleosome pair is biased toward any of the interaction classes, whereas it appears gray if no particular orientation bias exists. We observed negative correlations between inward and outward (r = À0.33 ± 0.03) or tandem-entry and tandem-exit (r = À0.40 ± 0.03) interaction frequencies at each nucleosome pair, whereas we observed positive correlations for the other combinations ( Figure S4A ). These negative correlations support a reciprocal relationship among the interaction types.
The resultant Hi-CO matrix exhibited a chromatic color pattern accumulated around the diagonal ( Figure 1B ). Similar to Micro-C, we did not observe centromere/telomere clustering (Duan et al., 2010; Lazar-Stefanita et al., 2017; Schalbetter et al., 2017) or other significant long-distance interactions. These results suggest that local nucleosomal interactions are much more frequent, although these long-range patterns appeared when we reduced the genome cutting frequency to 1/10 the usual amount (Figures S4B and S4C and STAR Methods) . Consistent with previous results, at the level of short-range nucleosome interactions, we typically observed the gene crumple structures or self-associating interactions that encompass individual gene loci predominantly interrupted by open structures at promoter regions (Figures S4D-S4I and STAR Methods). However, for nucleosome orientations, we observed a biased composition of interaction types at each nucleosome locus reflected in nonregular, heterogeneous chromatic color patterns in the matrix ( Figure 1B ). In fact, of nucleosome pairs with more than 10 total interaction counts, 60% showed significantly biased compositions using a multinomial test with 5% statistical significance (STAR Methods). This result indicates that each nucleosome locus holds a distinctive structural state likely due to the genome sequence or epigenetic effects.
Optimized 3D Nucleosome Folding Structure across the Genome For 3D structural modeling of nucleosomes with their orientations, we utilized molecular dynamics (MDs) simulation ( Figure S5 and STAR Methods). Using a space-filling model of the nucleosome ( Figure S5A ), we optimized their positions and orientations with simulated annealing (SA) (Kirkpatrick et al., 1983) . For optimization, we constrained distances between DNA entry/exit positions in the modeled nucleosomes under free energy potentials given by Hi-CO interaction frequencies. The potential, V, between DNA entry/exit sites having an interaction frequency, w, and separated by a distance, d, was provided by V = À k B T ln pðd; wÞ;
(1) where p(d; w) is the probability density distribution of d derived from all the DNA entry/exit site pairs whose interaction frequencies are w ( Figure S5B ). T is the system temperature used in the SA process, and k B is the Boltzmann constant. d is scaled by averaged packed chromatin length per nucleosome (6.6 nm/nucleosome; Dekker, 2008) . Under this definition, entry/exit site pairs having a higher interaction frequency tend to be constrained to a short fixed distance, but pairs having a lower frequency tend to be loosely separated ( Figure S5B ). Note that in the simulation, DNA linkers or other structural factors that may influence inter-locus interactions are assumed to be implicitly included in the potential, as done in previous structural derivations from Hi-C data (Ay et al., 2014; Duan et al., 2010; Tanizawa et al., 2010) , rather than being explicitly considered, as many MD simulation works do (Arya et al., 2006; Wedemann and Langowski, 2002) .
The determined 3D-optimized structure revealed characteristic folding structures of nucleosomes, including their orientations across the genome (Figures 2A and S5C ). The spatial resolution of our 3D models was estimated to be 6.8 nm by calculating a root mean square deviation (RMSD) of DNA entry/ exit positions from five independent simulations with different random seeds (STAR Methods). Further, use of a supercomputer allowed to carry out this structural analysis at the whole-chromosome level, thereby providing hierarchical chromosome structure from single nucleosome to chromosome levels (Video S1). We observed that nucleosomes commonly separate apart at promoter or terminator regions ( Figure 2B ) and generally pack into a fiber-like arrangement of 10-30 nm thickness ( Figure 2C ).
Orthogonal Changes between Inter-nucleosome Distance and Orientation
Based on conventional-resolution Hi-C measurements, the S. cerevisiae genome has shown to exhibit changes in long-range, centromere/telomere interactions at different cell phases (Duan et al., 2010; Lazar-Stefanita et al., 2017; Schalbetter et al., 2017) . Using Hi-CO 3D structure analysis, we examined existence of further short-range chromatin interaction changes by analyzing S. cerevisiae cells synchronized at S, M, and G 1 phases (Figures S1C and S6A-S6D and STAR Methods). Consistent with a previous analysis (Lazar-Stefanita et al., 2017) , contact probability curves revealed enriched short-range interactions around $10 kbp in G 1 and M phases and a longer-range interaction preference in S phase ( Figure S6A ). Interestingly, at this scale, we observed extensive morphological changes in chromatin looping. S phase chromatin formed consecutive apparent loop structures with roughly 10-to 40-kbp intervals, whereas G 1 or M phase chromatin formed fewer or less frequent loops, respectively (Figure 3A) . Loop base points often coincided with binding sites of cohesin protein Scc1 (Hu et al., 2015) . Further, the loops did not coincide with replicated genome regions in S phase ( Figure S6D ), suggesting that the loops arose from binding of cohesin, but not sister chromatid cohesion following DNA replication (Figure 3A, right) .
In contrast, at the nucleosome scale, we observed similar trends in contact probability curves among cell phases (Figure S6A) , suggesting that local nucleosome folding properties averaged across the genome were robust through the cell cycle. But at the individual locus level, as seen in the heatmap matrix, we observed gene-specific alteration in nucleosome folding structures, where changes in either nucleosome compaction or orientation appeared at limited gene loci, as shown in the matrix as differences in color strengths or compositions, respectively ( Figure 3B ). Compaction changes often occurred across single-gene loci ( Figure 3C ). Further, changes in the inter-nucleosome distances (i.e., distances between adjacent nucleosome centers in the 3D structure; STAR Methods) significantly correlated with transcriptional changes ( Figure 3D ). These results suggest that passage of transcriptional machinery on DNA disrupts inter-nucleosome interaction (Wegel and Shaw, 2005) . In contrast, orientation changes were more common in promoter or terminator regions (Figures 3C and 3E) . We scored nucleosome orientation by inward bias against outward, defined as the differential of distances between entry-to-exit and exit-to-entry points of adjacent nucleosomes (STAR Methods). We found that the changes in the orientation in gene loci were independent of transcriptional changes ( Figure 3D ). These results suggest that binding of transcription factors or promoter/terminator-enriched histone modifications had a greater impact on nucleosome orientations. Consistent with these different mechanisms, we observed that the distance changes were orthogonal to the Figure S5 and Video S1. 3 3 3 3 3 3 3 3 3 3 3 3 3 3   +2   +3  +7   +1   +8   +2  +1   +5   +8  +4   +1   +2   +1   +2   +1   +2 +1 -1 -10 -5 +5 (A) Changes in long-range interactions across cell cycle. Example chromatin interaction matrix at 1-kbp bin size is shown. 10-40 kbp sized loop structures are observed frequently in S phase and less in M or G 1 phase. Loop anchors are coincident with binding of cohesin (Scc1) (Hu et al., 2015) . Gray areas indicate non-uniquely mapped regions of sequenced reads. Right shows schematic models. orientation changes ( Figure 3F ). Taken together, these findings suggest that inter-nucleosome distance and orientation reflect different epigenetic mechanisms.
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We further conducted Hi-CO analysis for cells cultured in different carbon sources (2% glucose or galactose) in synthetic complete (SC) medium and synchronized at G 1 phase (Figure S6E) . Between these culture conditions, we observed significant structural differences at the genes responsible for the corresponding carbon source metabolism, although significant changes were not found in other gene loci. As with the cell-phase experiment, we observed altered inter-nucleosome distances coincident with changes in transcription level, as well as orientation changes that were independent of transcriptional differences ( Figure S6F ). These results further support our conclusion that structural changes in inter-nucleosome distance and orientation are uncorrelated ( Figure S6F ).
Two Types of Basic Nucleosome Folding Motifs
We then investigated how nucleosomes hierarchically fold chromosomes from the bottom up using our 3D-structure models. First, we tested for the existence of basic secondary structural features in chromatin folding. Previous studies showed that crystals of tetra-nucleosome units can be obtained by in vitro chromatin reconstitution (Schalch et al., 2005) . These results imply existence of common motifs in chromatin, but this feature remains unverified in vivo across the genome. We searched for common motifs in 3D chromosome structure by overlaying an entire set of local nucleosome pathways in a 3D space using an approach similar to the Ramachandran plot in protein structure analysis ( Figure 4A ). By aligning the NÀ1st/Nth nucleosomes to a certain spatial axis, we found that the N+1st and N+2nd nucleosomes have specific preferred positions. The N+1st nucleosomes occupy a single preferred position at a 60-degree angle to the axis in good agreement with a prior EM report (Bednar et al., 1995; Scheffer et al., 2012) . This indicates that the NÀ1st, Nth and N+1st nucleosomes are located at similar distance from each other. However, the N+2nd nucleosomes have two alternative preferred positions, which indicates the presence of two types of basic tetra-nucleosome-sized motifs ( Figure 4B ). The first type, which we named the a-structure, forms a tetrahedron structure in which the N+2nd is located at a similar distance from the NÀ1st, Nth, and N+1st. In contrast, the second type, named the b-structure, forms a rhombus-like structure where the N+2nd is located near the Nth and N+1st but away from the NÀ1st. Thus, switching between folding and unfolding at the NÀ1st and N+2nd nucleosomes can cause the alternative a/b-structure. Since a-tetrahedron and b-rhombus structures often occur in gene bodies and promoter regions, respectively, these results suggest that this alternate feature contributes to open/closed local chromatin compaction to induce self-association of individual gene loci ( Figure 4C ).
Epigenetic Alteration of Nucleosome Folding Structure
In contrast to global structuring using these common motifs, there may exist nucleosome folding motifs that are coupled with specific epigenetic events due to histone modifications and protein bindings. To examine this, we analyzed features of average nucleosome folding structures at genomic regions subject to various epigenetic events with regard to inter-nucleosome distance, orientation, and a/b-structure preference ( Figure 4D , Table S1 , and STAR Methods). Typically, we observed that loci with promoter-enriched histone variant H2A.Z (Li et al., 2007) showed longer inter-nucleosome distances on average, whereas loci with gene body enriched histone modifications, such as H3K36me2 and H3K36me3, showed shorter distances. We also found that transcriptionally active modifications, such as H3K18ac and H3K4ac , showed larger distances, whereas inactive marks, H3K79me3 (Schulze et al., 2011) and H3R2me2a (Kirmizis et al., 2007) , showed shorter distances. We also observed binding-complex-dependent trends with general transcription factors (GTFs), which form a transcription preinitiation complex (Lomvardas and Thanos, 2001) , having the longest average distances, whereas transcription/export complex (TREX) proteins, such as Sub2 and Yra1 (Johnson et al., 2011) , had the shortest average distances. In contrast, trends in the nucleosome orientation bias did not exhibit apparent tendencies at promoter/gene-body regions or highly transcribed genes but were more specific to histone modification or binding protein species. Transcription factor Reb1 (Rhee and Pugh, 2011) showed the greatest inward orientation bias, while proteins involved in transcriptional elongation Spt6 and Spt16 (Mayer et al., 2010) showed the highest outward bias. Meanwhile, b-structure preference against a-structure (herein ''b-structure preference''), which is defined as the differential of the occurrence probability between the band a-structure (STAR Methods), is higher in most epigenetic traits that prefer longer distances, including promoter-enriched or transcriptionally active histone marks ( Figure 4D ), suggesting that both are caused by similar mechanisms ( Figure S7A ). However, we also observed that a small fraction of epigenetic traits, such as histone acetylation (H4K12ac and H4K8ac), showed the opposite coupling of high b-structure preference and shorter distances, suggesting existence of a variety of a/b-structure formation mechanisms ( Figure 4D and STAR Methods). Overall, these data show that nucleosome folding (B) Hi-CO matrices and gene expression level (Hoffman et al., 2015) at different cell phases. (C) Examples of structural changes in nucleosome compaction (left) and orientation (right). Orientation change is highlighted by distances between exit-to-entry (cyan) and entry-to-exit (magenta) points in adjacent nucleosomes, termed inward and outward distance, respectively. (D) Dependence of average inter-nucleosome distance and orientation changes within gene loci on transcriptional changes between cell phases (mean ± SEM). Inter-nucleosome distance is calculated from distances between centers of adjacent nucleosomes. Orientation is evaluated from differences between inward and outward distances of adjacent nucleosomes (STAR Methods). The changes are calculated between all combinations of the three cell phases. Orientation change was normalized by the initial value of the distance change. (E) Orientation change (mean ± SEM) frequently occurs around ORF start and end sites. (F) Independence of distance and orientation change across the cell cycle. See also Figure S6 . structure is substantially associated with the types of epigenetic events existing at the loci.
To examine the causality of these epigenetic relationships, we performed Hi-CO for several mutant strains with disrupted epigenetic states or transcriptional activity. These strains have deleted or downregulated expression of histone acetyltransferases (Gcn5 and Esa1), histone methyltransferase (Set2), RNA polymerase II (Pol II) core subunit (Rpb2), and histone chaperone (Asf1). We examined changes in features of average nucleosome folding structures at epigenetics-related . The orientation metric, evaluated by differences between outward and inward distances, represents bias toward inward orientation against outward (inward bias). The b-structure preference represents the differential of the occurrence probability between the band a-structure (STAR Methods). The loci subject to each epigenetic modification category were identified based on previously reported chromatin immunoprecipitation sequencing (ChIP-seq) profiles (Table S1 and STAR Methods). See also Figure S7 and Table S1 . genomic regions by loss of the epigenetic factors (Figures 5 and S7B) . Overall, the three structural parameters-internucleosome distance, orientation, and b-structure preference-showed different behaviors with loss of the epigenetic factors. For inter-nucleosome distance, factor loss did not cause large changes, such that shorter distances in loci subject to gene-body-enriched or transcriptionally inactive histone marks remained short. In contrast, we observed much larger variability for nucleosome orientation, suggesting that orientation can be strongly altered by single epigenetic factors. For b-structure preference, we observed intermediate changes, suggesting that secondary nucleosome folding structure is more variable than inter-nucleosome distance, while nucleosome orientation in the secondary structure is even more flexible. Thus, epigenetic factors alter nucleosome folding parameters in respective ways. Set2 deletion caused a prominent change in nucleosome folding structure with nucleosome orientation biased toward outward in most epigenetics-related regions globally ( Figure 5 ). It has been shown that lack of Set2 yields massive antisense transcription (Venkatesh et al., 2016) , leading to increased Pol II binding irrespective of promoter/gene-body regions. Given that nucleosome orientation at Pol-II-bound loci is biased toward outward ( Figure 4D ), we expect that this increased binding of Pol II causes a global bias toward outward orientation. In addition, we observed a global bias toward high b-structure preference, consistent with high b-structure preference at Pol-II-bound loci ( Figure 4D ). Inter-nucleosome distance showed less changes because of the insensitivity by loss of single epigenetic factors. Conversely, Rpb2 downregulation, which may reduce Pol II binding (Fong et al., 2017) , caused opposite changes compared to the Set2 deletion. Nucleosome orientation was biased to inward at Pol-II-bound regions, while inter-nucleosome distance and b-structure preference were decreased ( Figure 5 ). Gcn5 deletion, Esa1 downregulation, and Asf1 deletion, which may reduce Pol II binding (Bonnet et al., 2014; Ginsburg et al., 2009; Schwabish and Struhl, 2006) , caused intermediate levels of decreased inter-nucleosome distances and b-structure preference. These results suggest that Pol II binding is a major factor influencing nucleosome folding status.
Meanwhile, we found a variety of factors that alter local nucleosome folding structures, in contrast to the global effects by Pol II. For example, inter-nucleosome distances at H3K9ac-, H3K27ac-, and H3K4ac-modified loci are decreased by Gcn5 deletion more than Rpb2 downregulation, suggesting that histone acetylation can be a substantial factor for nucleosome folding status, presumably through the weakened nucleosome interaction resulting from neutralization of charges in histone tails (Grant, 2001) . For another example, binding loci of cohesin loading factors, Scc2 and Scc4, showed decreased inter-nucleosome distance by Set2 deletion and inward orientation bias by Esa1 downregulation despite the trends by Pol II binding, suggesting that binding of cohesion loading proteins is also a factor for nucleosome folding status probably due to its strong affinity to other factors involved in chromosome organization (Uhlmann, 2016) . We summarize the relationships between nucleosome folding properties and epigenetic features in Table S1 .
Additional Structural Features Observed in Hi-CO
Inspection of the Hi-CO matrices revealed additional unique characteristic signatures, which can contribute to higher order structuring in chromosomes. In addition to the gene crumple structures in individual gene loci , interestingly, the colored matrix revealed a distinctive type of motif that we term ''oriented clusters,'' which are uniformly colored squared regions in the Hi-CO matrix ( Figure 6A ). Oriented clusters indicate domains composed of nucleosomes that interact with each other in a uniform orientation ( Figure 6B ). This oriented cluster motif contains 3-10 nucleosomes ( Figure 6C ) and covers 38% of the genome ( Figures 6D and S7C) . These results suggest that this structure comprises the next-highest layer of global structuring above the a/b motifs. Statistical analysis indicated that multiple histone modifications accompany the occurrence of these clusters on the genome ( Figure 6E ). These results suggest that asymmetrically modified nucleosomes (Rhee et al., 2014; Voigt et al., 2012) may cause nucleosome orientation uniformity, where polarized nucleosome affinity at DNA entry and exit sites produces clusters of similarly oriented nucleosomes ( Figure 6F ).
As another signature, the matrix displayed increased average interaction frequencies between promoter and terminator regions ( Figures S7D-S7G ), which is consistent with a previous observation of gene loop structures or promoter-mediated interactions (O'Sullivan et al., 2004) associated with Pol II C-terminal domain phosphatase Ssu72 (Tan-Wong et al., 2012) . To test if the observed feature is caused by Ssu72, we carried out Hi-CO analysis for a mutant strain, ssu72-2, that expresses Ssu72 with impaired phosphatase activity (Reyes-Reyes and Hampsey, 2007) . We observed that looplike interactions at some promoter and terminator regions disappeared in ssu72-2 cells, although others were retained or were difficult to identify due to weak interactions ( Figure S7F ), similar to an observation using Micro-C . Consistent with this, a statistical analysis revealed that interactions occurring at promoter and terminator regions are reduced to 34% and 20%, respectively ( Figure S7G ). Supporting this, we often observed merging of multiple gene crumples ( Figure S7H ), consistent with read-through transcription due to defects of transcriptional termination with ssu72-2 (Ganem et al., 2003) . These results suggest that Ssu72 significantly contributes to loop formation in a substantial fraction of genes.
DISCUSSION
Our data demonstrate structuring rules of nucleosome folding throughout the chromosomal hierarchy ( Figure 7) . Here, we argue that the a/b basic motif structure ( Figure 4B ) is the minimal structuring unit. This structure is composed of four nucleosomes, and within them any three adjacent nucleosome sets are located at similar distances from one another. Orientation of each nucleosome in this structure is variable and adopts a stereotypical value depending on the assortment of epigenetic factors existing at the loci ( Figure 4D ). Due to this, oriented clusters often exist in the genome with a succession of similarly modified nucleosomes ( Figure 6F ). In contrast, the choice between the aor b-structure, which differ in the distance between the edge nucleosomes in the structure, is also stereotypically controlled, mainly depending on promoter/genebody-enriched histone modifications and RNA polymerase binding ( Figure 4D ). Consistent with this, changing the cell conditions with different cell phases and carbon sources caused structural extensions or compactions limited to up-or downregulated gene loci (Figures 3, S6E , and S6F). Our discovery of the a/b-structures suggests recurring structuring motifs with conserved functions in the genome, similar to the initial findings of a helix and b sheet in protein folding. However, we note that, since these a/b-motifs have been identified by in silico modeling, follow-up work will be required to verify their presence in cells.
Our identified locus-or epigenetics-dependent structural features agree with former conflicting models of nucleosome folding. On one hand, these features are consistent with the regular nucleosome folding observed in in vitro reconstituted fibers (Schalch et al., 2005) , because each of the purified, epigenetically homogeneous nucleosomes in the fiber should form unified local folding structures among neighbor nucleosomes. On the other hand, the features are also consistent with the heterogeneous nucleosome folding observed in in vivo chromosomes (Cai et al., 2018; Ou et al., 2017) because of the locus-dependent epigenetic features across the genome. We propose this dual nature of regular and irregular structuring in chromosomes provides a variable but logically organized structural basis to serve as an Changes in the average nucleosome folding structures with genetic loss of epigenetic factors (mean ± SEM) are shown in terms of inter-nucleosome distance (top left), orientation (top middle), and b-structure preference (bottom). Data for two replicate measurements of wild-type (deep blue solid and dotted line), Gcn5 deletion (green), Esa1 downregulation (red), Set2 deletion (gray), Rpb2 downregulation (blue), and Asf1 deletion (orange) at G 1 phase are provided. The same definition for loci sets subject to epigenetic factors are used for each genetic loss. Epigenetic factors related with each deleted or downregulated gene are indicated by the same color. See also Figure S7 and Table S1. effective template for various types of DNA processes at each locus. Our Hi-CO methodology determines 3D structures of nucleosome folding inherent to epigenetic functions at each locus across the genome. Using this methodology, revealing fine resolution structures will provide insights on structure-function relationships in chromosomes at the single-nucleosome or pro-tein-molecule level. In particular, nucleosome orientation will provide structural information specific to epigenetic factors, whereas inter-nucleosome distance will provide information indicating transcriptional states and promoter/gene-body regions. Our analysis of mutants revealed that nucleosome folding structures can be altered by epigenetic/transcriptional states; however, we also note the possibility that folding structures (E) Co-occurrence of oriented clusters and genome-wide features. Statistical significance of co-occurrence is scored by Z scores. Z scores of more than three represent higher occurrence of clusters with a statistical significance of 99.9%, whereas Z scores of less than À3 represent lower occurrence. (F) Model of oriented clusters. Oriented clusters could form from a succession of similarly asymmetrically modified nucleosomes (Rhee et al., 2014; Voigt et al., 2012) . See also Figure S7 and Table S1. actively regulate epigenetic/transcriptional states at loci by restricting or enhancing binding of regulatory factors. We expect that applying this methodology to other eukaryotes and cell conditions will promote identification of unifying rules underlying the structure-function relationships.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS
BY4741 haploid S. cerevisiae strain (MATa his3D1 leu2D0 met15D0 ura3D0), and its constitutive gene knockouts for GCN5, ASF1 and SET2 (gcn5D, asf1D and set2D, YSC1053, GE Healthcare) and tetracycline-inducible downregulation strains for ESA1 (esa1-off, YSC1180-202218901, GE Healthcare) and RPB2 (rpb2-off, YSC1180-202219315, GE Healthcare), or a temperature sensitive SSU72 mutant (ssu72-2, gifted from C. Boone) were used. Cells were grown to OD 600 = 0.2-0.3 at 30 C with shaking in 1.2 L of YPD (BD Biosciences) or 1.2 L of SC medium (Amberg et al., 2005) with 2% glucose or galactose. For the tetracycline-inducible gene downregulation strains, 10 mg/mL doxycycline hyclate (Tokyo Chemical Industry) were supplemented in the culture medium. Cells were then collected by centrifugation, and the medium was removed. In the case of synchronizing at G 1 phase, these cells were resuspended in 1.2 L of fresh medium to OD 600 = 0.2, and a-factor (GenScript) was added to a final concentration of 2 mg/mL. Cells were incubated at 30 C with shaking for 1 hour and subjected to secondary treatment for synchronization by adding the same amount of a-factor followed by an additional 1 hour culture to reach OD 600 = 0.4-0.5. In the case of synchronizing at S or M phase, 1.2 L of cultured cells with OD 600 = 0.2-0.3 were incubated in the presence of 100 mM of hydroxyurea (Nacalai Tesque) or 15 mg/mL of nocodazole (Sigma-Aldrich), respectively, for 2 hours at 30 C with shaking in medium (Amberg et al., 2005) , reaching OD 600 = 0.4-0.5. For the ssu72-2 strain, cells were incubated at 37 C during the a-factor treatment. Alternatively, for synchronizing at M phase, cells were first synchronized to G 1 phase by resuspending in 1.2 L of fresh medium, followed by adding a-factor and incubating as described above. Cells were then collected by centrifugation, and the medium was removed. Cells were resuspended in 1.2 L of fresh medium and incubated for 80 min at 30 C to re-enter M phase.
METHOD DETAILS
Library preparation for Hi-CO sequencing Library construction was performed as follows. Cultured yeast cells synchronized at G 1 , S or M phase were fixed with formaldehyde (Section: Fixation of cells). DNA in fixed cells was digested with MNase at the mono-nucleosome level, and DNA-nucleosome complexes were purified by immunoprecipitation with beads conjugated to an antibody against histone (Section: DNA digestion and purification). DNA fragments on beads were end-repaired, dA-tailed, ligated to biotin-conjugated adaptors, phosphorylated and eluted from the beads. DNA fragments in DNA-nucleosome complexes were then ligated to each other and released from proteins by reverse cross-linking and protein digestion (Section: DNA ligation). Released DNA fragments were end-labeled and purified to remove self-ligated fragments and were excised into constant lengths with a restriction enzyme reaction (Section: DNA end labeling and purification). Finally, the DNA products were ligated to adaptors for next generation sequencing (Section: Preparation for sequencing). Fixation of cells Cultured cells (approximately 5 3 10 9 cells) were fixed by adding formaldehyde solution (Nacalai Tesque) to a final concentration of 1% followed by shaking for 10 min at room temperature. Fixation was quenched with a final concentration of 125 mM glycine at room temperature. Fixed cells were collected and washed twice with ice-cold phosphate buffered saline (pH 7.4) (Nacalai Tesque) and once with ice-cold 1 3 MNase reaction buffer (Takara Bio). DNA digestion and purification Cells were resuspended in 3 mL of 1 3 MNase reaction buffer and disrupted using a multi-beads shocker (Yasui Kikai) with zirconia beads at 2,700 rpm for 26 cycles of 30 s on and 30 s off at 4 C. Disrupted cells were collected and digested with 1,200 U of MNase (Takara Bio) per 3 mL for 25 min at 37 C. Digestion was inactivated by adding EDTA to a final concentration of 5 mM. Then, 150 mL of FA lysis buffer (50 mM HEPES-KOH, 150 mM NaCl, 1 mM EDTA, 1% Triton X-100, 0.1% sodium deoxycholate, 0.1% SDS [pH 7.5]) was added, and the samples were incubated for 20 min at room temperature. Digested cells were centrifuged twice at 20,000 3 g for 5 min at 4 C, and the supernatant was collected. The size of digested DNA fragment was checked by electrophoresis ( Figure S1A ).
To prepare immunoprecipitation of DNA-protein complexes, 78 mg of rabbit polyclonal antibody against histone was incubated with 1.7 mL of magnetic beads coupled with protein G (Dynabeads Protein G, Life Technologies) in 5% FA lysis buffer (50 mM HEPES-KOH, 150 mM NaCl, 1 mM EDTA, 0.05% Triton X-100, 0.005% sodium deoxycholate, 0.005% SDS and a protease inhibitor cocktail (Nacalai Tesque) [pH 7.5]) with the presence of 2% bovine serum albumin (BSA) overnight at 4 C with rotation. The resultant antibody-conjugated beads were washed four times with 5% FA lysis buffer.
The cells after MNase digestion were subjected to immunoprecipitation by incubating with the antibody-conjugated beads at 4 C with rotation overnight. This chromatin immunoprecipitation step was performed by using histone H3 (HHT1) polyclonal antibody, which was affinity purified from serum of an immunized rabbit with HHT1. The immunoprecipitated beads were washed three times with EB-T buffer (10 mM Tris-HCl, 0.01% Tween 20 (Sigma Aldrich) [pH 7.5]). DNA ligation DNA fragments (approximately 500 ng) on the beads were end-repaired with Quick Blunting Kit (New England Biolabs (NEB)) by mixing with 750 mL of 1 3 Blunting Buffer with 0.1 mM dNTP and 15 mL of Blunting Enzyme Mix and incubating for 90 min at 24 C with rotation. End-repaired DNA was washed four times with EB-T buffer. DNA fragments were then dA-tailed in 750 mL of 1 3 NEBuffer 2 (NEB) containing 0.2 mM dATP and 75 U of Klenow Fragment (3 0 / 5 0 exo-) (NEB) and by incubating for 3 hours at 37 C with rotation. dA-tailed DNA was washed four times with EB-T buffer.
Both ends of DNA fragments were then ligated with biotin-conjugated adaptors as follows. The adaptor was prepared by annealing two single-stranded oligonucleotides, 5 0 -CTGCTGACGCTATGTACTCC-3 0 (5 0 end is phosphorylated, 13th T is biotinylated, HPLC purified) and 5 0 -CGCGGGAGTACATAGCGTCAGCAGT-3 0 (HPLC purified). Here, the resultant dT tail in the adaptor can be ligated with the dA tail in the DNA fragments. The protruding 5 0 end in the adaptor can be ligated to other adaptors on adjacent DNA fragments after a later phosphorylation step. The EcoP15I recognition sites (underlined in the adaptor sequence) can produce nearly 26-bp long DNA fragments in a later EcoP15I treatment step. This adaptor was ligated to the DNA fragments by suspending the dA-tailed products with 150 mL of 5 mM adaptor and 150 mL of 2 3 Blunt/TA Ligase Master Mix (NEB) and by incubating for 1 hour at 22 C with rotation. The ligation reaction was stopped by adding EDTA to a final concentration of 5 mM. Adaptor-bound DNA was washed six times with EB-T buffer. Adaptor-bound DNA on beads was phosphorylated by incubating in 300 mL of 1 3 T4 DNA Ligase Reaction Buffer (NEB) and 120 U of T4 Polynucleotide Kinase (NEB) for 90 min at 37 C with rotation. Phosphorylated DNA was washed four times with EB-T buffer. The DNA fragments and their bound proteins were then eluted from the antibody-conjugated beads by incubating in 200 mL of elution buffer (50 mM Tris-HCl, 1% SDS and 10 mM DTT [pH 8.0]) with shaking at 37 C, which disrupts the antibodies. The eluates were transferred to a new tube. The beads were resuspended in 900 mL of 1 3 T4 DNA Ligase Reaction Buffer, and its eluates were also transferred to the tube (final volume = 1.1 ml). The collected eluates were incubated with 1.5% Triton X-100 at 37 C for 1 hour and resuspended in 15 mL of 1 3 T4 DNA Ligase Reaction Buffer to achieve a large dilution.
DNA fragments in the DNA-protein complexes were ligated by adding 18,750 U of T4 DNA ligase (NEB) and by incubating for approximately 72 hours at 16 C. Ligation was then stopped by adding EDTA to a final concentration of 10 mM. After adding NaCl to a final concentration of 200 mM, ligated complexes were reverse cross-linked by incubating at 65 C overnight to release DNA-bound proteins. Protein digestion was carried out by adding 6 mg of Proteinase K (Takara Bio) and by incubating for 90 min at 55 C. DNA fragments were purified by extraction with phenol/chloroform/isoamyl alcohol (25:24:1, pH 7.9, Nacalai Tesque) and MaXtract High Density (QIAGEN). DNA fragments were precipitated with 1/1250 volume of GlycoBlue (Ambion), 1/10 volume of 3 M sodium acetate and the same volume of isopropanol and were rinsed with 80% ethanol. Precipitated DNA was resuspended in nuclease free water (Nacalai Tesque). The concentration of DNA was measured with Quant-iT PicoGreen dsDNA Assay Kit (Life Technologies). DNA end labeling and purification DNA ends were labeled by treating with 36 U of terminal transferase (NEB) per approximately 500 ng of precipitated DNA in 1 3 Terminal Transferase Reaction Buffer (NEB) containing 625 mM CoCl 2 , 0.05 mM digoxigenin conjugated ddUTP (Roche) and 0.015 mM dNTPs for 2 hours at 37 C. Unincorporated nucleotides were removed using phenol/chloroform purification followed by isopropanol precipitation.
For immunoprecipitation with digoxigenin, 92 mg of sheep polyclonal anti-digoxigenin antibody (Roche) was incubated with 1.7 mL of protein G magnetic beads (SureBeads Protein G Magnetic Beads, Bio-Rad) in digoxigenin binding buffer containing 10 mM Tris-HCl, 1 mM EDTA, 100 mM NaCl and 0.1% BSA (pH 7.5) overnight with rotation at 4 C. The resultant beads were washed four times with digoxigenin washing buffer containing 10 mM Tris-HCl, 1 mM EDTA and 100 mM NaCl (pH 7.5).
The above end-labeled DNA was incubated with the antibody-conjugated beads in digoxigenin washing buffer with rotation for at least 3 hours. After removing the unbound fraction, the DNA captured beads were washed twice with digoxigenin washing buffer and four times with EB-T buffer.
DNA fragments on the beads were then subjected to digestion by incubating in 187.5 mL of 1 3 NEBuffer 3 (NEB) containing 37.5 U of EcoP15I (NEB), 1 3 ATP (NEB) and 1 3 BSA for 90 min at 37 C with rotation. Excised DNA fragments in the supernatant were transferred into a low adhesion tube (DNA LoBind tube, Eppendorf). After resuspending in 25 mL of the digoxigenin washing buffer, the supernatant was also transferred to the tube. DNA fragments were purified with phenol/chloroform/isoamyl alcohol and MaXtract High Density. Purified DNA fragments were precipitated with 1/100 volume of gentle Dr. GenTLE Precipitation Carrier (Takara Bio), 1/10 volume of 3 M sodium acetate and the same volume of isopropanol and were rinsed with 80% ethanol. Precipitated DNA fragments were suspended in TE buffer (10 mM Tris-HCl and 1 mM EDTA [pH 8.0]) and were separated by 6% polyacrylamide gel (Novex TBE gel, Thermo Fisher) electrophoresis. After the gel was stained with ViewaBlue Stain (Kanto Chemical), the 100-bp region, which consists of two nearly 26-bp genome fragments and the 46-bp ligated biotin-conjugated adaptor, was excised. DNA fragments were extracted from the gel by conducting electroelution with D-tube Electroelution Kit Mini (molecular weight cutoff: 6-8 kDa) (Novagen) following the manufacturer's standard procedure.
After mixing with the same volume of 2 3 B&W Buffer (10 mM Tris-HCl, 1 mM EDTA, 2 M NaCl [pH 7.5]), the extracted DNA fragments containing biotin-conjugated adaptors were immobilized on streptavidin beads by suspending with 62.5 mL streptavidin beads (Dynabeads M-280, Life technologies), which were pre-washed with 1 3 B&W Buffer, and by incubating for 2 hours at room temperature with rotation. The DNA-bound beads were washed three times with 1 3 B&W Buffer without EDTA containing 0.01% Tween 20. Preparation for sequencing DNA ends were repaired with Quick Blunting Kit in 50 mL of 1 3 Blunting Buffer containing 0.1 mM dNTP and 2 mL of Blunting Enzyme Mix for 90 min at 24 C. Repaired DNA was incubated for 20 min at room temperature with rotation after adding 50 mL of 2 3 B&W Buffer and washed once with 1 3 B&W Buffer containing 0.01% Tween 20 and twice with 1 3 B&W Buffer without EDTA containing 0.01% Tween 20. DNA ends were then dA-tailed in 50 mL of 1 3 NEBuffer 2 containing 0.2 mM dATP and 5 U of Klenow Fragment (3 0 / 5 0 exo-) for 3 hours at 37 C with rotation. dA-tailed DNA was incubated in 2 3 B&W Buffer and washed as above.
DNA fragments were then ligated to adaptors for next generation sequencing (NGS) by suspending 52 mL of in reaction buffer containing 1 3 Quick Ligation Buffer (NEB) and 0.05 mM NEBNext Adaptor for Illumina (NEB) followed by 8 mL of Quick T4 Ligase (NEB) (final volume = 60 ml) and by incubating for 30 min at 20 C with rotation. Then, uracil bases in the adaptor were excised by adding 6 mL of USER (NEB) and by incubating for 15 min at 37 C. DNA fragments were then incubated for 20 min at room temperature with rotation after adding 60 mL of 2 3 B&W Buffer and were washed three times with 1 3 B&W Buffer containing 0.01% Tween 20 and three times with 1 3 B&W Buffer without EDTA containing 0.01% Tween 20. Washed DNA fragments were suspended in nuclease free water, transferred into a PCR tube and then amplified for 10 cycles with KAPA HiFi HotStart ReadyMix (KAPA Biosystems), NEBNext Universal PCR Primer for Illumina and NEBNext Index Primer for Illumina (NEB). PCR products were purified twice with 1.4-fold volume of AMPure XP beads (Beckman Coulter) and eluted with nuclease free water. Using Bioanalyzer (Agilent Technologies), the sizes of DNA fragments were confirmed to be 220 bp, where the 120 bp difference from the last product is due to the NGS adaptor. The library concentrations were quantified by using KAPA Library Quantification Kits (KAPA Biosystems). This library was subjected to paired-end sequencing using Hiseq 2500 (Illumina).
Evaluation of cell-cycle synchronization
We confirmed cell-cycle synchronization of the cell culture with fluorescence activated cell sorting (FACS) and genome sequencing. For FACS analysis, we followed a previously reported procedure (Fortuna et al., 2001) with some modifications. First, cells were collected by centrifugation, immersed in 70% ethanol, washed with 50 mM sodium citrate buffer (pH 7.4) and treated with RNase (Nippon Gene) and Proteinase K. After adding Triton X-100 to final concentration 0.25%, DNA was stained with SYTOX Green (Thermo Fisher Scientific) at final concentration of 1 mM for over-night. Cell fluorescence was measured using BD FACSAria III (BD Biosciences) with a 488 nm laser and a 530/30 BP filter, and were analyzed with BD FACSDiva software (BD Biosciences).
For genome sequencing analysis, genomic DNA in the cell culture was purified as follows. First, cell walls were digested by resuspending cells (approximately 2 3 10 8 cells) in 2 mL of 1 M sorbitol buffer (50 mM Tris-HCl, 1 M sorbitol and 2 mM b-mercaptoethanol [pH 7.5]) and mixing with Zymolyase-20T (Nacalai Tesque) at concentration of 20 mg per 2 3 10 8 cells, followed by incubation at 30 C with gentle shaking. Cells were then collected by centrifugation at 1000 3 g for 3 min, and the supernatant was removed. Next, proteins in the cells were digested by resuspending in 300 mL of SDS containing buffer (50 mM Tris-HCl, 10 mM EDTA and 1% SDS [pH 8.0]) and mixing with approximately 100 mg of Proteinase K, followed by incubation at 55 C for 90 min. Then, genomic DNA was extracted with phenol/chloroform/isoamyl alcohol and MaXtract High Density. Extracted genome was treated with 4 mg of RNase A and incubated at 37 C for 30 min, followed by phenol/chloroform/isoamyl alcohol and MaXtract High Density. Genomic DNA was isolated by isopropanol precipitation and rinsed with 70% ethanol. DNA was resuspended with nuclease free water and its concentration was measured by using Quant-iT dsDNA Assay Kit (Thermo Fisher Scientific). For genome fragmentation, 1 mg of genomic DNA was treated with NEBNext dsDNA Fragmentase (NEB) according to the manufacturer's protocol. After genome purification by AMPure XP beads, the distribution and the peak of genomic DNA fragment size was confirmed by Bioanalyzer, which is approximately 100 to 1000 bp and 200 bp, respectively. DNA fragments were then ligated to NGS adaptors by using ThruPLEX DNA-seq Kit (Rubicon Genomics) following manufacturer's manual. This library was subjected to paired-end sequencing using Hiseq.
Analyses of sequenced reads
Mapping of sequenced reads Paired-end sequenced reads (R1 and R2) from Illumina Hiseq 2500 were processed as follows. Using Genomics Workbench 6.0.1 (CLC bio), the 46 bp common sequence from the biotin-conjugated adaptors and its subsequent sequence up to the 3 0 end was trimmed by matching, and reads missing the 46 bp sequence or with a residual length after trimming not within 15-35 bp were discarded. The remaining reads in R1 and R2 were independently mapped to the S. cerevisiae genome (sacCer3). In the mapping process, reads that were mapped to multiple locations were discarded. Obtained mapping end locations and strand orientations in R1 and R2 were paired based on their read IDs. Duplicates that were mapped to the same pairs of locations were discarded. Reads mapped to the ribosomal DNA (rDNA) region in chromosome 12 were discarded, because sacCer3 has only one rDNA repeat, which causes an overestimate of interaction counts there. The remaining pairs of locations were classified into four groups based on their strand orientations into inward (plus and minus strand for the upstream and downstream location, respectively), outward (minus and plus strand), tandem-entry (minus and minus strand) and tandem-exit (plus and plus strand) pairs, as done in previous nucleosome resolution Hi-C called Micro-C (IN-IN, OUT-OUT, OUT-IN and IN-OUT reads, respectively) . Tandem and outward pairs whose mapping locations were separated by less than 26 bp and 52 bp, respectively, were discarded, and the remaining pairs were used for analysis. The numbers of reads at each process are summarized in Figure S1B . Derivation of the Hi-CO contact matrix To create the nucleosome-resolved contact matrix, we assigned each of the read pairs to previously-identified 66,360 nucleosome loci by MNase-seq similar to that done in Micro-C . For this assignment, we assumed that the plus and minus strand reads originate from interactions at DNA exit and entry points in nucleosomes, respectively, and 134 bp of DNA is wrapped around the nucleosome based on the result of Figures S1F and S1G. Under this assumption, the center position of the interacting nucleosome can be obtained as 67 bp upstream of the read end coordinates. The assignment was done by finding the closest nucleosome locus along the genome coordinate against the obtained center nucleosome position from each read ( Figure S1E) .
The obtained pairs of nucleosome loci were separately mapped to a matrix for each read orientation type: inward, outward and tandem ( Figure S1D) , where the tandem read was given by summing tandem-entry and tandem-exit reads and by dividing by 2. Paired read counts that are assigned to the same nucleosome ( = N/N), which locate at the diagonal in the contact matrix, were discarded from the analysis. Here, N/N, N/N+1, N/N+2, N/N+3, N/N+4 and N/N+5 interactions comprises 10.7, 18.5, 15.0, 9.7, 7 .8 and 3.8%, respectively. The resultant inward, outward and tandem read matrices were colored in cyan, magenta and yellow, respectively, with certain color scales and then merged into one blended color matrix. Data visualization was performed in custom software written in LabVIEW (National Instruments) and R.
Estimation of background reads in contact matrix
During the ligation step between genomic DNAs via biotin-conjugated adaptors, random ligation products between DNA fragments in different DNA-protein complexes were expected to constitute a certain fraction of reads, as noted previously (Fullwood et al., 2009) . Consistent with this, the full contact map shows random sparse patterns of long range and inter-chromosomal contacts over the entire area without any apparent regional bias ( Figures S3E and S4C ). In the Hi-CO analyses, these background reads are more frequent, since the proportion of intra-chromosomal reads ( = 14.4%-24.1%) ( Figure S1B ) was smaller than the value in a previous Hi-C method that used a less frequent genome cutter (Duan et al., 2010 ) ( = 27.0%-32.5%), although it is similar to the values in high resolution methods, Micro-C and ChIA-PET ( (Fullwood et al., 2009 )) ( = 9.95%-35.5% and 6.92%-9.32%, respectively). However, we estimated the upper bound of average read counts from this background in the contact matrix to be 0.030 per element, assuming that 100% of total 130,843,992 reads were background reads in the 66,360 3 66,360 matrix. In this case, false discovery rates for an interaction whose read count was 1, 2 or 3 were 0.284, 0.019, and 0.000271, respectively. This means that interactions that have 2 or more read counts satisfy 5% statistical significance. So, most Hi-CO visual patterns are relevant compared to the background.
Since the background reads were so sparse across the matrix (0.030 per element or less) compared to the average read counts around diagonal (for example, 81.0 and 5.1 per element for N/N+1 and N/N+10), we considered these reads did not significantly affect our arguments on local nucleosome folding structures. Therefore for our analysis, the background reads were not removed from the heatmap matrix.
Contact probability as a function of distance
We checked the resolution of Hi-CO by analyzing average contact probabilities as a function of genomic distance for each read type separately ( Figure S1F, top) . The average contact probability was calculated as n(s) /N(L -s) , where s is the genomic distance, n(s) is the probability of paired read counts separated by s in the same chromosome, N is the total number of paired reads, and L is the length of the chromosome, as described previously (Lieberman-Aiden et al., 2009 ).
All read types showed periodic peaks in probabilities spaced by 160 bp, which suggests that interactions between adjacent (N/N+1) or more distant (N/N+2, N/N+3, .) nucleosomes were distinctly detected. The peak positions of tandem (tandem-entry and tandem-exit) and outward reads were offset horizontally by 134 bp and 268 bp, respectively, against inward reads ( Figure S1F , bottom), suggesting that on average 134 bp of DNA, corresponding to nearly one-and-a-half turns around the histone octamer, was wrapped around nucleosomes after MNase digestion ( Figure S1G ) and confirming that interactions between each combination of the entry and exit points in nucleosomes were detected separately. We further note that each read type was equally represented in the data at all nucleosome distances, which supports random occurrence averaged across the genome (25% each), although there was a slight difference for N/N+1 (Figure S1F, bottom) . The small increase in inward read probability for N/N+1 suggests that, on average, adjacent nucleosomes prefer to adopt the forward orientation whereas more distant nucleosomes have more orientational freedom.
This data also indicates that the nucleosome contains 134 bp of DNA under our conditions. This length is smaller than the value that has been generally argued (147 bp). But, according to an X-ray crystal structure study (Luger et al., 1997) , 147 bp of DNA wrap around a nucleosome. Of that, 121 bp is physically folded to histone octamers, so our value of 134 bp does not necessarily indicate overdigestion. We also determined DNA fragment size after MNase digestion by sequencing. We found that 85.8% of DNA fragments were sized over 121 bp, suggesting that overdigestion did not likely occur in most genomic regions.
Analysis for no ligation control
To investigate genome-level bias in the efficiency of MNase digestion and adaptor ligation at each nucleosome locus, we conducted the Hi-CO assay without performing ligation between the biotinylated adaptors, as done in Micro-C . As a result, the average genomic distance between the two ends of reads, i.e., the fragment size after MNase digestion, was confirmed to be significantly smaller than interaction distances detected in Hi-CO ( Figure S3D) , supporting that the Hi-CO matrices did not result from the non-ligation products. We further assigned the obtained reads to each nucleosome with the same method as described in the above section (Derivation of the Hi-CO contact matrix), except that the sequenced read directions were reversed. We confirmed that 86% of reads were assigned to one nucleosome, whereas 13% were assigned to two neighboring nucleosomes. This suggests that most of DNA was digested to the single nucleosome level, while the remaining were mostly limited to two nucleosome fragments.
Across the genome, variation of read frequency at each nucleosome locus would cause a limited effect on the Hi-CO matrices. The effects of such variation could be compensated for by normalizing the Hi-CO matrix by this read frequency , and we confirmed that this normalization causes minimal effects ( Figure S3P ).
Identification of merged gene structures
Consistent with observations in Micro-C , we observed structures encompassing one or multiple gene loci (Figure S4D ). We confirmed that these structures can be detected after the normalization mentioned in the above section (Analysis for no ligation control) ( Figure S3P ), and the average interaction distance became shorter in promoter regions than in gene body regions ( Figure S4I ). These structures may reflect the crumpled structures as discussed in Micro-C , although they may potentially be caused by mechanical delimitation with the nucleosome free regions at the highly transcribed promoters or by biased formaldehyde crosslinking in the promoter regions. Nevertheless, we characterized these merged gene structures observed in interaction matrices using our quantitative data that consisted of the complete read strand information.
In order to identify merged gene structures on the genome, we created a summed contact matrix from total counts of inward, outward and tandem reads of our data. We then thresholded the matrix and extracted loci groups as elements sequential to the diagonal at each locus. The existence of genes in the loci groups was examined by matching with gene coding regions. Information on gene coding regions and directions were obtained from Saccharomyces genome database (https://www.yeastgenome.org/). Dubious genes were excluded from the analysis.
From this result, we observed that fractions for the loci groups including 1, 2, 3 and > 4 genes were 78%, 20%, 1.4% and 0.1%, respectively ( Figure S4E ). We noticed that most loci groups including multiple genes, or merged gene structures, consisted of convergentlydirected gene loci (80%), greatly exceeding divergent (4%) and same-strand ones (16%) ( Figure S4F) , which is very different from the proportions in yeast genome (26%, 26% and 48% for convergent, divergent and same-strand, respectively (Tsai et al., 2007) . Indeed, the majority of neighboring convergent gene pairs in the genome sequence form merged gene structures, while only a small fraction of divergent/same-strand or non-neighboring gene pairs did ( Figure S4G ). These results indicate that most gene loci formed isolated gene structures by themselves, but some gene loci formed merged gene structures with neighboring gene loci at their 3 0 ends.
We further noticed that this grouped gene structure formation did not always correspond to gene coding sequences. We occasionally observed extra sub-grouped gene structures where non-coding RNAs were transcribed within or beyond grouped gene structures in each gene (Cloutier et al., 2016; Kim et al., 2012) (Figure S4H ). Such sub-grouped gene structures were typically observed at the region where non-coding RNAs were transcribed in an overlapping fashion or regions that were bound by transcriptional regulators such as Reb1 (Houseley et al., 2008) .
Theoretical Hi-CO matrices of regular fiber models
We presented examples of Hi-CO matrices and 3D structures for the solenoid (Robinson et al., 2006) and zig-zag (Schalch et al., 2005 ) regular nucleosome folding model. The matrices were obtained by calculating reciprocals of distances between DNA entry and exit points of corresponding 3D models. A constant or repetitive pattern along the genome coordinate represents a regular folding, which appeared inconsistent with the measured heterogeneous Hi-CO pattern. However, note that these structures are improper for statistical or quantitative analysis, since they are obtained by organisms other than S. cerevisiae.
MNase digestion heterogeneity across loci
We confirmed that the proportions of MNase digestion frequencies at DNA entry and exit sites were nearly even at all nucleosome loci (50 ± 5%) ( Figure S3F ), indicating that MNase digestion bias did not explain read composition bias more than 1.3 fold. We also confirmed that nucleosome loci at rare high or low entry read proportions did not show any specific Hi-CO patterns ( Figure S3F ). Furthermore, we checked that the loci at TSSs had little bias in entry read proportion ( Figure S3G ). These results indicate that the observed heterogeneous nucleosome orientations could not be explained by biased MNase digestion.
Analyses of 3D structures
To determine 3D nucleosome folding structure, we performed simulated annealing (Kirkpatrick et al., 1983 ) (SA)-molecular dynamics (MD) simulation to find optimal DNA entry and exit positions in nucleosomes to fit the Hi-CO data. In this simulation, chromosomes were represented by separate nucleosome models composed of histone and DNA beads, equivalent in number to the naturally occurring nucleosome loci (Section: Nucleosome model). All bead positions in these nucleosome models were simulated under potentials for connecting beads within the same nucleosomes and for constraining all DNA entry/exit beads based on Hi-CO frequency counts (Section: Energy functions). The structures were optimized in the simulated annealing process with a decreasing hypothetical temperature starting from T = 600 to 0.1 K (Section: Langevin thermostat simulations and simulated annealing). The determined structures were characterized with parameters including inter-nucleosome distance, orientation bias and a/b-structure preference (Section: Definitions of metrics for characterizing nucleosome folding structure) or fiber thickness (Section: Quantification of chromosome fiber thickness) as needed. In the genome-wide model, for unmappable nucleosome regions, randomly selected read numbers were applied to not present characteristic features (Section: Structure of non-uniquely mapped genomic regions).
Nucleosome model
The nucleosome model consisted of histone octamer proteins and their associated DNA ( Figure S5A ). Histone octamers in the nucleosomes were represented by four beads whose radii was 3 nm according to crystallographic data (Barbi et al., 2014) . These histone beads were placed at vertices of a square, where the equilibrium distances between the center of the square and the vertices were 1.18 nm (Hagerman, 1988) . DNA double helix was represented by strings of beads whose radii were 1 nm (Barbi et al., 2014) . One bead of DNA corresponded to 5.88 bp, since the distance between base pairs in B-form DNA was 0.34 nm. A total of 23 sequential DNA beads wrapped around the four histone particles in a left-handed super-helical geometry for 1.65 turns with a radius of 4.18 nm and a pitch of 2.39 nm (Barbi et al., 2014) .
Note that the aim of our MD simulation was to optimize the positions of the DNA entry and exit points in nucleosomes to best satisfy the Hi-CO data, rather than to simulate physical fluctuations of nucleosomes as many MD simulation works did (Kenzaki and Takada, 2015; Wedemann and Langowski, 2002) . Because of this, only separate nucleosomes were included in the simulation, and DNA entry/exit positions under the potential experimentally given by the Hi-CO frequency were constrained to obtain the nucleosome folding structure. Therefore, DNA linkers between nucleosomes or other structural factors that affect nucleosome orientations were not particularly considered in the simulation, as they were assumed to be included in the experimental potential. We also confirmed when assuming such linker beads, adjacent nucleosome orientations were significantly restricted and biased to specific orientations, which failed to satisfy the Hi-CO data (data not shown). To aid visualization in chromatin fiber models (Figure 2A) , we displayed DNA connections between neighboring entry/exit points of nucleosomes as a straight line, although actual DNA may have a bent between these points. Energy functions Potential energy, V, for each bead in the nucleosome models in SA-MD simulations was assumed to consist of six terms:
V bond is the potential to connect neighboring DNA/DNA, histone/histone or DNA/histone beads within the same nucleosome. This potential, caused by neighboring beads separated by the distance, d, is described by a harmonic form:
where k bond is the force constant and d 0 is the equilibrium distance. For DNA/DNA connections, k bond = k B T 0 /(0.1d 0 ) 2 and d 0 = 2 nm were used for adjacent DNA beads, where k B is the Boltzmann constant and T 0 is the temperature and set to 298 K throughout the analysis. d 0 was set to the sum of bead radii. For histone/histone connections, k bond = k B T 0 /(0.1 d 0 ) 2 and d 0 = 1.67 nm and 2.36 nm were used for adjacent and diagonal histone beads, respectively. For DNA/histone connections, k bond = k B T 0 /(0.01 d 0 ) 2 was used, and d 0 values were given by the nucleosome model. The potential for DNA/histone connections was applied only between each DNA bead and its closest histone bead.
V angle represents stiffness of the DNA polymer described by:
Here, q is the angle made by the lines toward adjacent DNA beads, and k angle is the bending force constant given by k angle = k B T 0 l p /d 0 , where l p is the persistence length of DNA, 50 nm (Hagerman, 1988) , and d 0 = 2 nm. Note that, because DNA only exists within separate nucleosome models, we simply assumed potentials for DNA to be located around histones with a binding force among DNA and histones (V bond ) and DNA bending stiffness (V angle ) and omitted further factors such as torsional stiffness, Young's modulus and twist-stretch coupling (Kriegel et al., 2017) .
V ex represents excluded volume effects between beads. The potential against beads separated by a distance, d, is modeled by:
where ε ex is the energy parameter and s is the sum of bead radii. ε ex = 10 kcal/mol/nm 2 was used. V HiCO is the potential of mean force for DNA beads at the entry/exit points in the nucleosome models to be located with proper separation distances derived from the Hi-CO data. The potential affected by other entry/exit beads separated by a distance, d, is modeled by: (d; w) is the probability of d against a bead whose read count in the Hi-CO matrix is w. p(d; w) is derived from the Hi-CO matrix from inward reads, where matrix elements having w read counts are extracted, and a probability distribution of nucleosome intervals, i ( = 1, 2, 3, .) , for example where i = 1 signifies adjacent nucleosomes along the genome, was analyzed from these matrix elements for each w (Figure S5B) . The resulting function, p(i; w), was smoothed and made continuous by fitting a function. Then, p(d; w) was given as p(a(i -1) + b; w) . a is the average length of chromatin fiber per nucleosome and set to 6.6 nm according to a previous study (Dekker, 2008) . b is an offset distance in the case of i = 1 and set to ((160-134)/160)a from the average nucleosome array model ( Figure S1G ).
This approach allowed use of non-harmonic forms in the potential, which differed from a mathematical method used in a past Hi-C study (Duan et al., 2010) where the potential was forced into a harmonic form. Our potential avoided each nucleosome pair having a common equilibrium distance due to the majority w = 0 elements in the Hi-CO matrix, which often gave an artificial circular or helical chromosome structure.
V link is the potential that links adjacent nucleosome pairs even if there are few read counts between them:
where k link = k B T 0 /a 2 and d 0 link is the average distance between nucleosomes anchored by a stretched DNA and is given by the average nucleosome array model ( Figure S1G ). Note that this potential does not affect nucleosome orientations, because it links the centers of adjacent nucleosomes. V long is the potential that superimposes the derived structure into a chromosome-scale low-resolution 3D model obtained in a previous Hi-C study (Lesne et al., 2014) . This potential is used when determining the chromosome level structure (Figure 2A) , because Hi-CO provides information for only local interactions due to the dominance of short-range interaction reads. We applied this potential to each histone bead located at the coordinate (x, y, z) with the function:
where k long is the force constant given by k long = 0.001 k B T 0 , and (x 0 , y 0 , z 0 ) is the coordinate of each nucleosome derived by interpolating a low-resolution 3D model from a previous study (Lesne et al., 2014) . This allows approximation of chromosome structures to a previous model under quadratic potentials consistently with previous kb-scale computational approaches (Duan et al., 2010; Tanizawa et al., 2010) . When applying this potential, V HiCO for beads separated by greater than 200 nm are regarded as being constant in order to reduce the calculation cost, where the cut-off distance, 200 nm, is equal to an estimated bead size from the low-resolution 3D model.
Langevin thermostat simulations and simulated annealing
We performed a SA-MD simulation at a given temperature by using a Langevin thermostat algorithm with the ''BAOAB'' scheme (Leimkuhler and Matthews, 2013) . Masses of DNA and histone beads were assigned to be 1 and 8, respectively, according to the ratio of molecular weights. Time in the simulation was normalized by ffiffiffiffiffiffiffiffiffiffiffi ε=mx p , where ε = 0.014 kcal/mol, m = 1 Da, and x = 1 nm. The damping constant and the time step were set to 1 and 0.0001, respectively. Simulations were started from an initial structure, where the nucleosome array was aligned linearly when determining multiple gene loci level structures or aligned along the lowresolution 3D model when determining chromosome level structures, followed by structure relaxation by the conjugate gradient energy minimization (Fletcher and Reeves, 1964) . The temperature of the system was originally set to 600 K, but was gradually cooled down to 300 K over 500,000 steps, and then down to 0.1 K over 1,000,000 steps. Simulations and analyses were performed on HOKUSAI GreatWave Supercomputer at RIKEN in Japan.
The following table shows the RMSD of bead positions when carrying out five independent simulations with different random seeds averaged over 117 ORF regions. From this analysis, we estimated the resolution of our 3D structure determination as 6.8 nm. In contrast, current cryo-EM allowed determination of the structural relationships between two nucleosomes at 4.7 Å resolution (Bilokapic et al., 2018) . This resolution difference suggests the requirement of further improvements in resolution to couple these methods, and we expect it might be allowed by developments in the optimization algorithms or by experimentally obtaining much more read counts. Definitions of metrics for characterizing nucleosome folding structure The inter-nucleosome distance, l, is defined as:
Number of steps
where (x 1 , y 1 , z 1 ) and (x 2 , y 2 , z 2 ) are the coordinates of centers of two adjacent nucleosome models. Meanwhile, the inward orientation bias, b, is defined as: b = h À x 1;entry À x 2;exit Á 2 + À y 1;entry À y 2;exit Á 2 + À z 1;entry À z 2;exit Á 2 i 1 2 À h À x 1;exit À x 2;entry Á 2 + À y 1;exit À y 2;entry Á 2 + À z 1;exit À z 2;entry Á 2 i 1 2 (Equation 9) where (x i, entry , y i, entry , z i, entry ) and (x i, exit , y i, exit , z i, exit ) are the coordinates of DNA beads at the entry and exit points, respectively, in the adjacent ith nucleosome (i = 1 or 2). The 1st and 2nd nucleosome located upstream and downstream of the genome coordinate, respectively. The first term in the equation represents the distance between the entry point in the 1st nucleosome and the exit point in the 2nd nucleosome (outward distance). The second term represents the distance between the exit point in the 1st nucleosome and the entry point in the 2nd nucleosome (inward distance).
The bstructure preference is defined as differential of the occurrence probability between the b and a structure. Here, the a and b probability is defined as the probability of finding a and b structure, respectively, in nucleosome sets in a genomic region. Here, each nucleosome is considered to be subject to two nucleosome windows that consist of 4 nucleosomes: one window includes the nucleosome itself, one downstream and two upstream nucleosomes, and the other window includes the nucleosome itself, two downstream and one upstream nucleosomes. These windows are aligned in an XYZ space as done in Figure 4A , i.e., the first two nucleosomes are aligned on the x axis at the origin, and the next nucleosome is aligned on the X-Y plane. Then, each window is classified as a or b structure by examining whether the last nucleosome is located at X % 0 or X > 0, respectively. The a or b probability was obtained in nucleosome sets by dividing the number of windows for a or b structures, respectively, with the total number of windows.
Quantification of chromosome fiber thickness
The thicknesses of chromosome fiber structure ( Figure 2C ) are defined for individual nucleosome loci as nucleosome size plus doubled distances between nucleosome centers and a fiber center line, which is obtained by calculating a 3D moving average of nucleosome coordinates among nucleosomes within 10 nm apart. Loci whose 3D moving window contain only itself are regarded as being unfolded and are discarded from the fiber structure analysis.
Structure of non-uniquely mapped genomic regions
To simulate whole chromosome structures as single chains of nucleosomes (Figure 2 and Video S1), structures of non-uniquely mapped regions need to be provided. To do this, we assigned random interaction features for these regions, in which interaction numbers for each interaction distance at each nucleosome locus are given by random sampling of interaction numbers from nucleosome pairs at the same interaction distances in uniquely mapped regions. Thus, these regions are basically represented by structures with no special characteristics. Because of this, long linker structures appearing in 3D models mostly corresponded to promoter/terminator regions or highly transcribed gene loci ( Figure S5F ). Note that these non-uniquely mapped regions are not used for the statistical analyses.
Verifications and discussions
Optimization of MNase concentration for Hi-CO assay We optimized MNase concentration for DNA digestion in the Hi-CO protocol by verifying the DNA fragment size of the genome following MNase treatment under different concentrations and incubation times, on a 6% acrylamide gel ( Figure S1A ). We chose a MNase amount (381 U/mL) and incubation time (25 min) (the lane indicated with an arrow in Figure S1A ) that appeared to minimize the di-nucleosome fraction while providing a large amount of the mono-nucleosome fraction without over-digestion.
Here we discuss the effect of more or less of MNase concentration on the Hi-CO signal. In the above acrylamide gel measurement, we observed that reduction of MNase concentration increased the di-nucleosome fraction (see the left most lane in Figure S1A ). In contrast, we did not observe a significant change in the mono-nucleosome fragment size. This may relate with the robustness of MNase digestion in S. cerevisiae genome observed in a previous work (Chereji et al., 2017) compared to the human and fly genome (Mieczkowski et al., 2016) . Reducing MNase further will continue to increase the fragment size leading to a situation similar to conventional Hi-C methods that used infrequent genome cutting enzymes, which will allow analysis of longer range interactions exclusively. To support this consideration, we performed Hi-CO by reducing MNase to 1/10th the usual amount and confirmed that the inter-chromosomal centromere/telomere clustering, as seen in conventional Hi-C (Duan et al., 2010; Lazar-Stefanita et al., 2017; Schalbetter et al., 2017) , could be detected ( Figure S4C ). We also observed a decrease of reads for shorter range interactions when reducing the MNase concentration ( Figure S4B) .
In contrast, an increase of MNase concentration from the optimal condition caused a significant decrease of the product amount, as well as a decrease of the fragment size, as seen in the acrylamide gel measurement (see the right most lane in Figure S1A ). We expect this was caused because the endonuclease reaction of MNase became more frequent at the higher concentration, causing digestions of wrapped DNA around nucleosomes more frequently. Consistent with this, when we performed Hi-CO by using 10 times higher MNase concentration, we could obtain only a small amount of Hi-CO products, below the amount that next generation sequencing is generally performed. Comparison of the protocol with previous nucleosome-resolution Hi-C Figure S2A highlights differences in the protocol between Hi-CO and Micro-C . Both methods are based on proximity ligation of mono-nucleosomal DNA fragments digested with MNase (the first two steps in the figure) . In Micro-C, the ligation was carried out after the DNA ends were repaired with biotin-conjugated dNTPs (steps 3 and 4). After reversal of cross-linking and protein digestion, DNA fragments were size-selected between 250 and 350 bp to extract DNA that was bound to two nucleosomes (steps 5 and 6). The products were then purified with avidin beads and subjected to sequencing (steps 7-9). However, the obtained library included unligated DNA fragments (indicated by the red box), because di-nucleosomal DNA fragments occurred in a small percentage after MNase digestion and they were efficiently purified since they did not require ligation. Because of this, inward mapped reads, which were considered to include the unligated products, were computationally excluded from the analysis. In contrast, in Hi-CO, the digested DNA was ligated to a biotin-conjugated adaptor sequence containing a EcoP15I recognition site (step 3) instead of endrepairing with biotin-conjugated dNTPs, which allowed paired-end tag sequencing (Fullwood et al., 2009) . Thereby, after proximity ligation, DNA products ligating two mono-nucleosomal fragments were extracted by EcoP15I digestion and subsequent purification with avidin beads and size-selection (steps 6-8). In Hi-CO, self-ligation products that caused large numbers of outward mapped reads (Ma et al., 2015; Rao et al., 2014) were removed by DNA end tagging and purification (steps 5 and 6). In the reported Micro-C XL method (Hsieh et al., 2016) , long chemical cross-linkers were used in step 1 and separation of soluble and insoluble chromatin was performed after step 2.
This protocol difference caused differences in output read features between Hi-CO and Micro-C ( Figure S2B ). Inward, outward, tandem-entry, and tandem-exit reads in Hi-CO, and IN-IN, OUT-OUT, OUT-IN and IN-OUT reads in Micro-C originated from DNA ligation between the same strand orientation pairs, respectively. In contrast, locations considered as interaction points within the read sequences were different in both methods. Whereas the interaction points in Hi-CO were located at adaptor-ligated junctions in the middle of the read sequences (indicated by triangles in Figure S2B ), these points in Micro-C were located at both ends in the read sequence. So, read lengths in each category were different between both methods. For example, IN-IN reads had longer lengths than inward reads by the lengths wrapped around two nucleosomes ($134 3 2 bp) ( Figure S2B ). For the same reason, OUT-OUT reads had shorter lengths than outward reads by the same length. In fact, when analyzing contact probability reads as a function of genomic distance like the above section (Contact probability as a function of distance), we observed horizontal shifts between the read categories but with opposite directions between Hi-CO ( Figure S1F) and Micro-C ( Figure S2C ), although periodic peaks spaced by about 160 bp were observed in both data.
Another difference was the read composition in each category. This was clearly observed in the contact probability curve. In Hi-CO, each orientation category existed almost evenly ( Figure S1F, shifted) . In contrast, in Micro-C ( Figure S2C, shifted) , the IN-IN read frequency at N/N+1 was about 50 times larger than numbers of IN-OUT reads, whereas the frequency after N/N+2 was almost similar. This large increase could be interpreted as the result of unligated products as explained above. In addition, OUT-OUT read frequency at N/N+1 was about 6 times larger than IN-OUT reads, and this increased frequency was also slightly observed after N/N+2. This could be explained by self-ligation products of DNA fragments as also reported in other Hi-C methods, such as DNase Hi-C (Ma et al., 2015) . In fact, this outward read occurrence overwhelmed % 1 kbp short distance reads in DNase Hi-C, whereas the inward reads dominated the short distance reads in Micro-C ( Figure S2D ). Nonetheless, after excluding these read categories, the numbers for N/N+1, N/N+2 or N/N+3 interactions at each locus were highly correlated between the Hi-CO and Micro-C data (r = 0.81, Figure S2E ), suggesting that both data were consistent. Contact probability curve as a function of genomic distance (Section: Contact probability as a function of distance) in excluding inward reads also showed similar trends between the both data even at longer distances ( Figure S2F ). Comparison of background with previous high-resolution Hi-C We compared the background probability, i.e., the ratio of inter-chromosomal to intra-chromosomal reads, with other high-resolution chromatin analysis methods: ChIA-PET (Fullwood et al., 2009) and Micro-C . To obtain the ratios for ChIA-PET and Micro-C, we classified all the reads as either inter or intra-chromosomal. We then omitted reads from spurious products due to self-ligated or un-ligated products by ignoring outward (ChIA-PET) or inward (Micro-C) reads as these methods did in their interaction analysis, respectively, because those reads artificially decreased the inter to intra ratio. As a result, the ratios were determined to be 9.7-fold to 13-fold (4 conditions), 1.8-fold to 9.1-fold (19 conditions) for ChIA-PET and Micro-C, respectively. Considering that the ratio for Hi-CO is 3.1-fold to 5.9-fold (6 conditions), we conclude that Hi-CO has a similar background to previous high-resolution methods. Please note that, as discussed in the above section (Estimation of background reads in contact matrix), this apparently high percentage of inter-chromosomal reads likely did not affect the significance and reproducibility of our findings.
Controls for cell phase synchronization
To confirm cell phase synchronization, we performed FACS measurements fluorescent staining of DNA with SYTOX Green, as well as genome sequencing. The FACS data confirmed that cell cultures were synchronized to the desired cell phase with our protocol (Figure S1C) : cells synchronized at the G 1 phase with a-factor showed a single peak of fluorescence signals, whereas cells synchronized at the M phase with nocodazole showed a peak at double the intensity indicative of complete genome replication, and cells synchronized at S phase with hydroxyurea showed a population between these two peaks. Similar results were obtained in the genome sequencing data by analyzing distributions of read numbers at each locus across the genome ( Figure S1C) .
Nocodazole, which was used for the M phase arrest, may affect chromatin contacts by depolymerization of microtubules (Lazar-Stefanita et al., 2017) . To examine this possibility, we performed Hi-CO on M phase synchronized cells created by another method, in which cells originally arrested to G 1 phase with a-factor were released in fresh medium and incubated for 80 min to reach M phase. FACS and genome sequencing measurements indicated that this a-factor arrested/released culture had a similar distribution of genome copy number to the original nocodazole arrested culture ( Figure S1C ). Contact probability curve analysis revealed that interaction frequencies at each distance were similar between the a-factor arrested/released and nocodazole arrested conditions, in contrast to other cell cycle cultures ( Figure S6A ). Further, contact matrices did not show significant differences between both cultures. We observed no difference even in chromosome 12 ( Figure S6B ), which has been indicated to exhibit increased contacts between the two flanking regions of rDNA by nocodazole treatment (Lazar-Stefanita et al., 2017) . The results support that the microtubule depolymerization with nocodazole did not cause significant differences in local chromosome structures between both cultures.
For conventional Hi-C data, it was proposed that ''mirror reads'' (Galitsyna et al., 2017) , which represented pairs of reads mapped to the same strand of the same fragment, was considered to suggest the presence of homologous chromosomes in the same nuclei at S and M phase. But in Hi-CO, such mirror reads, which were analyzed as the N/N tandem reads, can also be caused by self-ligation between different DNA fragments within the same nucleosome caused by the MNase endonuclease activity. In fact, a large amount of mirror reads were observed in the data in the G 1 phase culture having single copy of chromosome. Therefore, we concluded that in Hi-CO or other Hi-C that used endonuclease targeting on non-specific genome sequences, it was difficult to obtain meaningful information for structures of homologous chromosomes in the nuclei. Figure S6C shows the Hi-CO matrix around the centromere regions at G 1 , S and M phase. We found that in S phase chromatin, several chromosomes had interactions suggesting loop extrusion around the centromere, although other chromosomes did not. We did not find any significant association of this feature with epigenetic events including cohesin protein Scc1 binding, but expect that such interaction patterns occurred due to mechanical effects resulting from centromere clustering. Comparison with previous chromosome fiber models To examine consistency between the simulated 3D chromatin configurations and theoretical fiber models ( Figure S5D ), we analyzed root-mean-squared end-to-end distance, R(s), as a function of nucleosome distance, s ( Figure S5E ). We found the relationship: R(s) f s 0.5 when s is small, and R(s) = const. when s is large. This relationship supports the equilibrium globule model, according to a previous literature (Mirny, 2011) . Applicability of Hi-CO method to a metazoan genome An important challenge for the Hi-CO method in the future will be to measure a metazoan genome, however we expect multiple technical hurdles to realize this. One major issue for analyzing a metazoan genome is the genome size. Whereas the size of the yeast genome is 12 Mbp, the size of typical metazoan genome is 100 Mbp for nematode, 130 Mbp for fruit fly and 3.2 Gbp for human. Since one full lane of Illumina sequencing is currently used to analyze the yeast genome, the sequencing read depth for quantitative analysis will be a significant practical problem. Also, the computational time in the SA-MD simulation will increase in proportion to the square of the genome size. To solve this issue, we expect that enriching sequencing reads for specific genomic regions, or a technique called Capture C (Hughes et al., 2014; Ma et al., 2015) , will be necessary. We expect that enrichment for specific chromosomes, gene encoding regions or promoter regions will be worthwhile. In addition, for a large genome, the short sequencing length for mapping in Hi-CO (26 bp) could be an obstacle for analyzing repetitive regions. To provide an initial estimate of this effect, we estimated the mapping coverages for Hi-CO (26 bp length) and general genome sequence (100 bp length) reads. To do this, we analyzed what percentage of sets of 10 million 26 and 100 bp sized sequence fragments randomly picked up from human genome (hg19) were uniquely mapped to the reference human genome. As a result, the mapping coverage was estimated to be 74.8% for Hi-CO and 89.4% for general genome sequence. This similarity suggests that, although the repetitive regions are less accessible, many regions of the human genome can be still analyzed by Hi-CO analysis. Also, for a more robust analysis of nucleosome orientation, we need to select a genome having stable nucleosome positioning data (Voong et al., 2016) . Despite these hurdles, the analysis on metazoan genomes will be very attractive, since it would enable investigation of detailed genome structures of differentiating or diseased cells.
Correspondence with meiotic chromatin looping
In contrast to infrequent chromatin looping at M phase ( Figure 3A) , previous Hi-C experiments have observed stable chromatin looping during meiotic division (Muller et al., 2018; Schalbetter et al., 2018) . This difference in looping frequency may be explained as resulting from specific mechanisms in either of mitosis or meiosis, such as Rec8 mediated sister chromatid cohesion (Watanabe, 2005) . Meanwhile, this difference can also be explained by the difference in DNA fragmentation size between Hi-CO and the previous assays (134 bp for our method and several hundreds to thousands bp for the previous methods). This size difference may result in a difference in the physical distance at which the ligation signals are caused, and the results suggest that meiotic chromatin looping is formed in a relatively large physical scale. This may agree with the fact that, during meiosis, the synaptonemal complex insulates the two sister chromatids from one another (Muller et al., 2018) .
QUANTIFICATION AND STATISTICAL ANALYSIS
Multinomial test for biased compositions of read types As described in the main text, we examined biased compositions of read types in Hi-CO matrix using a multinomial test. Of nucleosome pairs with > 10 total interaction counts (n = 513,366 pairs), 60% showed significantly biased compositions with 5% statistical significance. The percentage of nucleosomes having > 10 interaction counts with any other loci is 96% (n = 63,773 loci). Of the 60% nucleosome pairs showing biased compositions, N/N+1, N/N+2 and N/N+3 and longer interactions constituted 25.9, 20.8, 16 .0 and 12.6%, respectively.
Tests for artificial bias in Hi-CO interactions
We tested possibilities for the artificial bias in Hi-CO interactions due to locus dependence of: 1) sequence compositions and 2) lengths in DNA fragments after MNase digestion. To test this possibility (1), we analyzed the correlation between GC nucleotide composition within the nucleosome binding region (±67 bp around the center of each nucleosome locus) and the preference of inward interaction for its adjacent nucleosomes ( Figure S3M ). We found that there was no correlation (r = À0.045 ± 0.009, n = 63,642 loci). Similar results were obtained when analyzing the correlation between GC composition ± 15 bp around the entry or exit point in a nucleosome and the inward interaction preference to the adjacent upstream or downstream nucleosome, respectively, instead of the whole nucleosome binding region ( Figure S3N ) (r = À0.020 ± 0.009 (n = 60,772 loci) and À0.013 ± 0.008 (n = 60,774 loci), respectively).
To test possibility (2), we checked if the fragment size due to the MNase digestion at each nucleosome locus ( = full fragment size) varies with the inward interaction preference for the adjacent nucleosome locus ( Figure S3I) , and again found no correlation (r = À0.041 ± 0.021, n = 63,605 loci). We further checked if the upstream or downstream half fragment size, defined as the average lengths between the nucleosome center and the ligation junction at the entry or exit points in each nucleosome locus, depended on the inward interaction preference for the adjacent upstream or downstream nucleosome locus, respectively, and again found no correlation ( Figure S3J ) (r = À0.046 ± 0.010 (n = 60,703 loci) and À0.048 ± 0.010 (n = 60,723 loci)). These results support the possibility that the artificial bias due to these reasons is unlikely.
We also analyzed the correlation between the GC compositions within the whole nucleosome binding region and the full fragment size, and found a weak positive correlation ( Figure S3K ) (r = 0.105 ± 0.009, n = 63,712 loci). This agrees with previous studies showing a positive correlation between GC content and nucleosome occupancies (Tillo and Hughes, 2009) . We also observed a weak correlation when analyzing the correlation between the GC composition of ± 15 bp around the entry or exit point and the respective upstream or downstream half fragment size, and also observed a weak positive correlation ( Figure S3L ) (r = 0.177 ± 0.008 (n = 63,437 loci) and 0.184 ± 0.008 (n = 63,436 loci), for DNA entry and exit points, respectively).
Further, we examined to what extent the spikes of inward interaction frequency at TSS or TES ( Figure S3H ) could be explained by the whole nucleotide composition within nucleosome and the full fragment size. To do this, we analyzed dependence of the inward interaction frequency on the nucleotide composition or the fragment size ( Figure S3O ) and compared with the increased amount of inward interaction frequency at TSS/TES ( = 0.276) compared to the whole genome ( = 0.262). As a result, we found that the maximum inward interaction frequency was 0.265 and 0.265 when analyzing dependence for the nucleosome composition and fragment size, respectively. This suggests the artificial contribution of these factors on the inward frequency is 21% in the worst case ( = the case all the increase of inward frequency can be attributed to these factors).
Analysis of average nucleosome folding structures subject to specific epigenetic loci Average nucleosome folding structures at nucleosome loci that showed specific epigenetic characters ( Figure 4D) were analyzed as follows. The average structures were analyzed in terms of three metric parameters, inter-nucleosome distance and orientation, in addition to the aand bprobability. These parameters were evaluated by averaging these levels for selected nucleosome loci that showed specific epigenetic properties. The properties include various transcription factor bindings or histone modifications, and were given by corresponding genome-wide ChIP-seq profiles reported previously. The profiles were obtained from the Saccharomyces genome database (https://www.yeastgenome.org/) or from journal websites of relevant papers, as listed in Table S1 . From the datasets, lists of combinations of genomic addresses and parameter values to be analyzed were extracted. We formatted these profiles to nucleosome levels by obtaining representative values for every nucleosome locus by calculating summations or averages of the parameter values. The calculation method depended on the types of parameters; summations were chosen if the parameters were all above zero (called the number type), which represented parameters such as read counts, whereas averages were chosen if the parameters included negative values (called the score type), such as Z-scores. For all the databases, averaged parameters were calculated for nucleosome loci that were within the top 1% in values among all nucleosome loci.
Correlation analysis between motif occurrence and epigenetic profiles
Correlation analyses between nucleosome orientation bias at each locus and previously reported genome-wide characteristics ( Figure 6E) were processed as follows. To identify genomic loci of various motif structures, we performed pattern recognition on the Hi-CO matrix. Loop motifs were recognized based on a summed matrix from total counts of inward, outward and tandem reads and goodness-of-fit to motif patterns was evaluated under a 2D moving window to obtain interacting loci pairs. Oriented cluster motifs were recognized for each read category based on a matrix of the corresponding read type. Then, correlation coefficients between the obtained parameter profiles and the motif profile were evaluated. Z-scores were calculated by standardizing the coefficients with their statistical errors obtained by bootstrapping. Non-uniquely mapped genomic regions, whose sequences were mapped to multiple locations (e.g., repetitive genomic regions) were excluded from the analysis. As other motif structures, we found 'one-directional' structure ( Figures S7D and S7E) , where an individual nucleosome interacted exclusively with either the up-or downstream nucleosomes. We also recognized them based on a summed matrix from total counts and the goodness-of-fit analysis under a 2D moving window.
Correlation analysis between inter-nucleosome distance and orientation, and a/bstructure occurrence To characterize the relationship between the nucleosome folding parameters of inter-nucleosome distance, inward orientation bias and b-structure preference, we analyzed correlation plots between these parameters at each locus ( Figure S7A ). We found a stronger correlation between inter-nucleosome distance and b-structure preference (r = 0.23 ± 0.009, n = 61,699 loci), but less correlation between inter-nucleosome distance and inward orientation bias (r = 0.11 ± 0.01, n = 62,926 loci), and no correlation between inward orientation bias and b-structure preference (r = 0.066 ± 0.008, n = 61,699 loci). These data support a stronger association tendency between inter-nucleosome distance and b-structure preference ( Figure 4D ). In contrast, the data also suggest a large variation in the coupling between the three parameters.
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The accession number for all Hi-CO sequencing data reported in this paper is Bioproject: PRJNA427106. R1 273, 153, 376 225, 294, 765 254, 718, 109 237, 528, 724 257, 826, 073 243, 851, 272 R2 273, 153, 376 225, 294, 765 254, 718, 109 237, 528, 724 257, 826, 073 243, 851, 346, 406 202, 800, 451 220, 618, 562 215, 306, 007 225, 407, 274 201, 453, 661 R2 252, 288, 961 202, 145, 799 220, 624, 292 215, 181, 876 225, 339, 923 202, 101, 508 Uniquely mapped reads R1 207, 228, 565 163, 590, 859 174, 453, 871 175, 735, 718 183, 063, 954 159, 240, 689 R2 221, 889, 164 173, 268, 565 188, 402, 590 186, 941, 966 193, 882, 415 171, 963, 648 Uniquely mapped read pairs 179, 190, 726 137, 978, 680 147, 912, 166 152, 020, 673 155, 300, 223 133, 875, 375 Non-redundant read pairs 85,251,606 45,592,386 63,227,466 75,815,482 88,523,287 84,919,167 Inter-chromosomal read pairs 71,253,779 38,152,400 51,219,587 57,533,558 75,737,516 71,886 Coarse-grained nucleosome model. The nucleosome model consists of 4 histone beads and 23 DNA beads whose diameters are 6 and 2 nm, respectively. Histone beads are located at the corners of a square with 1.67 nm sides. DNA beads are wrapped around the histone beads with a 4.18 nm radius and a 2.39 nm pitch (Barbi et al., 2014) . DNA beads at the entry and exit points in the nucleosome model are indicated in red and green, respectively. (B) Probability density functions of distance provided by units of nucleosome, depending on read frequencies, w. (C) Examples of nucleosome resolved 3D structures and respective Hi-CO matrices. (D) Theoretical Hi-CO matrices (left) and 3D structures (right) for the solenoid (top) (Robinson et al., 2006) and zig-zag (bottom) (Schalch et al., 2005) model. (E) Root-mean-squared end-to-end distance R(s) as a function of nucleosome distance s. (F) Example of 3D nucleosome folding structure at multiple gene level. Non-uniquely mapped regions, including a long terminal repeat (LTR) and tRNA coding region, are colored with green. Note that random interaction features are assigned to these regions to provide structures with no special characteristics in the whole chromosome model (STAR Methods). Gene coding regions are enclosed in dotted lines. A highly transcribed gene, YCR031C, is marked with red. 
